Abstract. Estimation of the Direction Of Arrival (DOA) of a signal is essential in various applications such as phased array antennas for communications, microphone arrays for audio and room acoustics, and Sonars for underwater acoustics. In general, sensor arrays used in those applications consist of several to hundreds of spatially distributed sensors, which could be expensive. This chapter is devoted for a recently introduced DOA estimation architecture, CAROUSEL (CirculARly mOving sensor for USE of moduLation effect). The unique feature of CAROUSEL is its requirement of only a single sensor. DOA estimation is achieved by moving the sensor in a circular path to cause a phase modulation in the signal so that the observed signal contains the DOA information. Algorithms for CAROUSEL have been developed and simulated for the application to estimate the DOA of sinusoidal and harmonic signals. (This chapter is based on the authors' conference papers [1,2].)
Introduction
Direction Of Arrival (DOA) estimation is a problem to find the direction of the source of arriving signals such as electromagnetic, acoustic, mechanical, hydroacoustic, and seismic signal. The DOA estimation problems appear in various applications; phased array antennas for communications [3] , microphone arrays for audio and room acoustics [4] , and Sonars for underwater acoustics [5] , to name a few.
Conventional approaches to DOA estimation compare the phase of signals observed at different locations at the same time (Fig. 1) . This idea utilizes the fact that the phase of a signal depends on the distance between the sensor and the signal source. For this reason, DOA estimation requires a sensor array that consists of a number of spatially distributed sensors to collect signals, which are then used in algorithms such as beamforming [6] , generalized cross-correlation However, one of the critical drawbacks of using sensor arrays is its cost; using a large number of sensors requires a large number of associated elements such as power supplies, cabling, and AD/DA converters (given that the technique is implemented by digital signal processing). Computational cost for the algorithms to process the large volume of data is also not negligible. This has constrained the application of sensor array technologies for commercial products, especially for personal use, e.g. microphone arrays for hands-free communication. Various commercial products utilizing sensor array technologies have recently appeared in the market thanks to the lowering prices of transducers and digital signal processors, yet, it is still challenging to achieve satisfactory performance using a small number of sensors.
This motivated recent study of using sensor arrays in motion, which aims at mitigating the detrimental effect of spatial aliasing [10] . One could imagine that if a sensor continuously moves in space and observes signals in different locations, then it would eventually play a role as a sensor array. Schasse et. al [11] , [12] proposed circular sampling which samples data of a circular array in a round robin fashion to induce a nonlinear modulation in the observed signal.
This chapter is devoted for the recently introduced DOA estimation architecture, CAROUSEL (CirculARly mOving sensor for USE of moduLation effect). The idea is to utilize the Doppler effect, the change in frequency of a signal when the observer and source are relatively in motion (Fig. 2) . To this end, CAROUSEL has a single sensor moving along a circumference of a circle. Similar to Schasse's approach, sensing by CAROUSEL induces phase modulation in the observed signal that contains information of the DOA in its message, which is then demodulated to estimate the DOA.
The rest of this chapter is organized as follows. After introducing CAROUSEL architecture along with signal models in Section 2, algorithms to estimate DOA by using CAROUSEL are proposed in Section 3. In Section 4, discrete-time
